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Fragile X syndrome, caused by amutation in the
Fmr1 gene, is characterized by mental retarda-
tion. Several studies reported the absence of
long-term potentiation (LTP) at neocortical syn-
apses in Fmr1 knockout (FMR1-KO) mice, but
underlying cellular mechanisms are unknown.
We find that in the prefrontal cortex (PFC) of
FMR1-KO mice, spike-timing-dependent LTP
(tLTP) is not so much absent, but rather, the
threshold for tLTP induction is increased. Cal-
cium signaling in dendrites and spines is com-
promised. First, dendrites and spines more
often fail to show calcium transients. Second,
the activity of L-type calcium channels is absent
in spines. tLTP could be restored by improving
reliability and amplitude of calcium signaling by
increasing neuronal activity. In FMR1-KO mice
that were raised in enriched environments,
tLTP was restored to WT levels. Our results
show that mechanisms for synaptic plasticity
are in place in the FMR1-KOmouse PFC, but re-
quire stronger neuronal activity to be triggered.
INTRODUCTION
Fragile X syndrome is the most common form of inherited
mental retardation (Bagni and Greenough, 2005). The syn-
drome results from the absence of Fragile X Mental Retar-
dation Protein (FMRP), caused by mutations in the Fmr1
gene (Jin and Warren, 2000; Verheij et al., 1993). A key
role of FMRP is regulation of local mRNA translation within
neuronal dendritic spines in response tomGluR activation,
thereby regulating synapse maturation and function
(Bagni andGreenough, 2005;Miyashiro et al., 2003;Weiler
et al., 1997, 2004; Zalfa et al., 2003). Absence of FMRPleads to increased spine density and immature spine mor-
phologies in hippocampus, neocortex, and cerebellum,
both in human patients and in Fmr1 knockout (FMR1-
KO) mice (Bakker et al., 1994; Comery et al., 1997; Galvez
andGreenough, 2005;Grossman et al., 2006; Hinton et al.,
1991; Koekkoek et al., 2005; Nimchinsky et al., 2001).
These spine abnormalities are present in both young and
adult FMR1-KO mice (Grossman et al., 2006; Nimchinsky
et al., 2001), but can partially be restored by raising them in
enriched environments (Restivo et al., 2005).
Fragile X patients show low IQ levels and exhibit learning
difficulties, but also display other behavioral characteris-
tics such as attention-deficit and hyperactivity, which are
most likely associated with impairments in prefrontal cor-
tex (PFC) function (Kooy, 2003). The alteredmorphological
appearance of dendritic spines suggests that defects in
synapse function or plasticity could explain the observed
cognitive impairments in Fragile X syndrome. Indeed, syn-
aptic plasticity in FMR1-KO mice is affected in several
brain regions. In hippocampus and cerebellum, group I
metabotropic glutamate receptor (mGluR)-mediated long-
term depression (LTD) of excitatory synapses is enhanced
(Huber et al., 2002; Koekkoek et al., 2005). In somatosen-
sory and anterior cingulate cortex, long-term potentiation
(LTP) is strongly reduced (Desai et al., 2006; Li et al., 2002;
Zhao et al., 2005). Currently, little is known about the cel-
lular mechanisms underlying increased mGluR-mediated
LTD in hippocampus and cerebellum (Huber, 2006; Volk
et al., 2006). Also, it is unknown what mechanisms are
affected in neocortical spines and dendrites that result in
absence of cortical LTP.
Recently, it was shown that FMR1-KO mice have re-
duced mRNA levels of L-type voltage-gated calcium
channels in frontal cortex (Chen et al., 2003). However,
the consequences for calcium signaling and synaptic
plasticity have not been studied. Postsynaptic calcium
signaling is critical for induction of LTP of excitatory trans-
mission (Malenka et al., 1988), and block of L-type calcium
channels strongly reduces spike-timing-dependent plas-
ticity in hippocampal neurons (Bi and Poo, 1998). In thisNeuron 54, 627–638, May 24, 2007 ª2007 Elsevier Inc. 627
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Unreliable Calcium Signaling in FMR1-KO Micestudy, we address the following three questions. First, is
calcium signaling affected in dendrites and spines of
PFC pyramidal neurons in FMR1-KO, and if so, what are
the underlying molecular mechanisms? Second, can the
deficiency in neocortical synaptic plasticity be overcome
by increased neuronal activity? Finally, does an increase
in sensory, cognitive, and motor stimulation caused by
rearing mice in enriched environments restore synaptic
plasticity in PFC?
We find that postsynaptic calcium signaling in dendrites
and spines of FMR1-KO mouse PFC is compromised by
two mechanisms, both of which suppress spike-timing-
dependent LTP (tLTP). In addition, we find that the sup-
pression of tLTP in FMR1-KO neurons can be overcome
by increased neuronal activity. Rearing mice in enriched




Cell Properties, Is Affected in FMR1-KOMice
In both Fragile X patients and FMR1-KO mice, the most
consistently reported neuropathological feature is abnor-
mal dendritic spine morphology (Comery et al., 1997; Hin-
ton et al., 1991). In somatosensory and occipital cortex of
FMR1-KO mice, spines show increased length and, in
some studies, also increased density (Comery et al.,
1997; Galvez and Greenough, 2005; Grossman et al.,
2006; McKinney et al., 2005; Nimchinsky et al., 2001). Al-
though behavioral changes in patients and FMR1-KO
mice point to involvement of prefrontal cortical areas
(Kooy, 2003; Zhao et al., 2005), dendritic spine morphol-
ogy has not been studied in frontal areas of FMR1-KO
mice. We examined spine morphology in living neurons
in acute brain slices of medial PFC (mPFC) of FMR1-KO
and WT mice. Layer 2/3 (L2/3) pyramidal neurons were
targeted with whole-cell electrodes containing Alexa
594, after which dendrites and spines were imaged with
two-photon microscopy (Figure 1A). Dendritic protrusions
in FMR1-KO mice were significantly longer than those in
WT mice at 2 weeks old (Figures 1B–1E). Protrusion den-
sity, however, was not significantly different between WT
and FMR1-KO mice (Figure 1F). Thus, as in somatosen-
sory cortex (Nimchinsky et al., 2001), spine length is also
increased in mPFC, while overall protrusion density is
not affected in FMR1-KO mice at 2 weeks of age.
A possible explanation for changes in behavioral char-
acteristics in FMR1-KO mouse related to PFC function
could be that the basic electrophysiological parameters
of neurons are affected in FMR1-KO mice. To test this,
we measured active and passive membrane properties
of L2/3 pyramidal cells in 2-week-old WT and FMR1-KO
mice (Figures 1G–1I). Input resistance andmembrane time
constant were not significantly different between WT (Ri =
256 ± 40MU, taum = 32 ± 4ms, n = 10) and FMR1-KO (Ri =
292 ± 41 MU, taum= 37 ± 4 ms, n = 12) mice. Neither were
there any significant differences in action potential (AP)628 Neuron 54, 627–638, May 24, 2007 ª2007 Elsevier Inc.threshold (FMR1-KO: 36 ± 1.4 mV, WT: 33 ± 1.4 mV),
spike height and duration (Figures 1G–1I), or resting
membrane potential (FMR1-KO:61 ± 1.1 mV,WT:61 ±
1.9 mV) observed between L2/3 pyramidal cells of WT and
FMR1-KOmice. Therefore, changes in behavior related to
PFC function are not explained by differences in basal
electrophysiological properties or AP generation in pyra-
midal neurons.
Figure 1. mPFC Spine Morphology, But Not Electrophysio-
logical Properties, Is Affected in FMR1-KO Mice
(A) L2/3 pyramidal neuron loaded with Alexa 594 in an acute slice of
mPFC.
(B andC) 3D compressed Z-stack images showing examples of spines
from apical distal dendritic sections of a FMR1-KO and a WT mouse.
(D) Dendritic protrusions were significantly longer in FMR1-KO than
WT mice (FMR1-KO: 2.4 ± 0.1 mm, n = 412; WT: 2.0 ± 0.1 mm, n =
308; *p < 0.0001).
(E) Cumulative frequency distributions of protrusions for FMR1-KO and
WT mice were significantly different (Kolmogorov-Smirnov two-sam-
ple test, p = 0.006).
(F) Mean protrusion density was not significantly different between
FMR1-KO and WT mice.
(G) Sample traces of electrophysiological profile from P15 L2/3 PFC
cell of FMR1-KO mouse.
(H and I) No significant difference between spike height and half-width
of WT (n = 8) and FMR1-KO (n = 10) mice at 2 weeks old.
Neuron
Unreliable Calcium Signaling in FMR1-KO MiceFailure of Spike-Timing-Dependent LTP in mPFC
of FMR1-KO Mice
Long-term changes in synaptic strength are believed to
form the cellular basis of information storage and memory
(Malenka and Nicoll, 1999; Sejnowski, 1999). Recently, it
was discovered that the sign of synaptic plasticity de-
pends (with millisecond precision) on the spike order of
presynaptic and postsynaptic neurons (Bi and Poo,
1998; Markram et al., 1997). This spike-timing-dependent
plasticity (STDP) allows neurons to regulate synaptic
strength depending on whether the synapse contributed
to the postsynaptic cell firing. In sensory cortical areas,
such as somatosensory and visual cortex, synaptic poten-
tiation induced with both ‘‘classical’’ and spike-timing-
dependent induction protocols is strongly reduced in
FMR1-KO mice (Desai et al., 2006; Li et al., 2002; Zhao
et al., 2005). It is unknown whether STDP is affected in
Fragile X in brain areas that govern higher cognitive func-
tions of the brain, such as the mPFC.
To investigate this, presynaptic and postsynaptic activ-
ity was precisely timed (Figure 2) after acquiring a baseline
of excitatory postsynaptic potentials (EPSPs). Single
EPSPs were induced with extracellular stimulation either
10 ms or 5 ms prior to single postsynaptic APs that were
induced by current injection through the recording elec-
trode (Figure 2A). In WT mice, a time window of 10 ms
did not induce LTP (Figures 2B–2D), but a 5 ms time win-
dow successfully induced LTP (Figures 2B, 2E, and 2F).
The NMDA receptor antagonist APV (25 mM) prevented
the induction of tLTP in WT mice (see Figures S1B, S1E,
and S1F in the Supplemental Data), as did the mGluR
antagonist MPEP (1 mM) (Figures S1B–S1D). Strikingly, in
mPFC pyramidal neurons of FMR1-KO mice, the same
tLTP induction protocol in which single EPSPs were fol-
lowed 5 ms later by a postsynaptic AP failed to induce
LTP (Figures 2B, 2G, and 2H).
To test whether spike-timing-dependent depression
(tLTD) was also affected in mPFC of FMR1-KO mice, we
reversed the order of presynaptic and postsynaptic stim-
ulation (Figure 3A). In both WT and FMR1-KO neurons,
tLTD was induced when the postsynaptic AP preceded
synaptic stimulation by 0–10 ms or by 40–70 ms
(Figure 3E). When the postsynaptic AP preceded presyn-
aptic stimulation by 10–30 ms, very little depression was
induced. On average, there was no difference in the
amount of depression that was induced in WT and
FMR1-KO (Figures 3B–3D). Thus, tLTP is strongly reduced
in PFC pyramidal neurons of FMR1-KO mice, whereas
tLTD is unaffected.
Impaired Calcium Signaling in Dendrites and Spines
of FMR1-KO Mice
Mechanisms underlying the deficits in cortical synaptic
plasticity in FMR1-KO have not been previously ad-
dressed. To investigate what caused the suppression of
tLTP in PFC of FMR1-KO mice, we studied postsynaptic
calcium signaling, which is essential for synaptic plasticity
(Malenka et al., 1988). Postsynaptic calcium transientsprovide an associative link between synapse activation,
postsynaptic cell firing, and synaptic plasticity (Koester
and Sakmann, 1998; Sjostrom and Nelson, 2002). In
PFC pyramidal neurons the calcium chelator BAPTA
blocks tLTP (Couey et al., 2007). Since dendritic spine
morphology is affected in PFC of FMR1-KO mice (Fig-
ure 1), and since expression of L-type voltage-gated cal-
cium channels appears to be downregulated in the brains
of these mice (Chen et al., 2003), we asked whether den-
dritic calcium signaling is also affected in FMR1-KO mice.
To study AP-induced calcium signaling in dendrites and
spines, PFC pyramidal neurons were loaded with Alexa
594 and the calcium indicator Fluo-4 through whole-cell
recording pipettes, after which dendrites and spines
were imaged with two-photon microscopy (Figure 4A).
The spines in which we recorded calcium signaling were
significantly longer on average in FMR1-KO than in WT
mice (Figure 4B). These spineswere also significantly dim-
mer (Figure 4C), possibly indicating smaller spine vol-
umes. Line scans were taken through dendrites and den-
dritic spines and spine and dendrite fluorescence were
plotted in separate traces (Figure 4D). AP-evoked fluores-
cence changes of the calcium indicator were observed in
spines and adjacent dendrites of both WT and FMR1-KO
mice (Figure 4D), suggesting that APs invade dendrites
and cause calcium influx locally. Amplitudes of fluores-
cence transients in response to single APs, bursts of two
APs, or trains of five APs at 100 Hz showed no significant
difference between WT and FMR1-KO mice in dendrites
and their spines (Figures 4E and 4F). However, there
was a fluorescence amplitude difference in response to
a 1 s train of APs at 100 Hz between WT and FMR1-KO
mice, both in dendrites and in their spines (Figures 4E
and 4F). In a number of dendrites and spines, single APs
consistently failed to evoke fluorescence changes in
both WT and FMR1-KO neurons (Figure 4G). These den-
drites and spines were designated as ‘‘failing’’ (labeled
‘‘F;’’ Figures 4G–4I). Fluorescence traces from spines
were always more noisy than fluorescence traces from
dendrites due to their smaller volumes, but this did not
compromise the detection of ‘‘successes’’ or failures
(see Experimental Procedures and Figure S4). Comparing
distributions of successful (S) and failing (F) dendrites and
spines in response to single APs revealed that FMR1-KO
mice showed significantly more failing dendrites and
spines than WT mice (Figure 4G, right panel). With single
spikes, 94.1% of WT dendrites showed successful fluo-
rescence changes, whereas only 58.6% of FMR1-KO
dendrites were successful. In 87.5% of cases, WT den-
dritic spines showed a change in fluorescence in response
to a single spike, compared with only 61.8% of FMR1-KO
spines (Figure 4G).
Success rates increased and failure rates decreased
with increasing numbers of APs (Figures 4G–4I). With
short bursts of spikes, all WT dendrites and 98% of WT
spines showed a fluorescence change, compared with
94% of FMR1-KO dendrites and 79.2% FMR1-KO spines
(Figure 4H). In FMR1-KO mice a significantly largerNeuron 54, 627–638, May 24, 2007 ª2007 Elsevier Inc. 629
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Unreliable Calcium Signaling in FMR1-KO MiceFigure 2. Failure of tLTP Induction in FMR1-KO Mice
(A) Schematic representation of the conditioning protocol; EPSPswere
evoked with extracellular L2/3 stimulation (Pre) and paired with single
APs induced in L2/3 pyramidal cells (Post).
(B–H) Changes in synaptic strength in slices from WT and FMR1-KO
mice following the conditioning protocol shown in (A). (B) Mean change
in EPSP slope in each group following an LTP induction protocol. WT:
10 ms window: 104% ± 6% (n = 5), 5 ms window: 143% ± 16% (n =
16); FMR1-KO: 96%± 6% (n = 8). Each circle shows the change in syn-
aptic gain in single experiments following the conditioning protocol in
(A). For clarity, overlapping data points are shifted laterally. *p < 0.05,
**p < 0.01. In (C)–(H) the conditioning period is indicated in each figure
by a gray bar. Representative traces from single experiments are
shown in (C), (E), and (G). Averaged pre- and postconditioning EPSPs
are shown above each trace (scale bar, 5 mV; 200 ms). Black circles
represent the mean EPSP slope during consecutive 2 min periods. In-
put resistance (Ri) was monitored in all experiments (shown below
each trace). (C and D) In WT mice a conditioning protocol with a 10 ms630 Neuron 54, 627–638, May 24, 2007 ª2007 Elsevier Inc.proportion of spines and adjacent dendrites failed to show
fluorescence changes in response to either single APs or
bursts. However, short trains of five APs at 100 Hz in-
creased the reliability of dendrite and spine calcium sig-
naling in both groups, with all WT dendrites and spines
and all FMR1-KO dendrites and spines showing fluores-
cence transients (Figure 4I). These data suggest that cal-
cium signaling is impaired in both dendrites and adjacent
spines in Fragile X syndrome, but can be improved by in-
creased neuronal activity.
Since tLTP is suppressed in FMR1-KO neurons (Fig-
ure 2B), we asked whether a similar suppression of tLTP
would also occur in WT neurons if there were a failure of
dendritic and spine calcium transients. The failure of cal-
cium transients observed in FMR1-KO neurons was mim-
icked during the STDP induction protocol by pairing the
EPSP with no postsynaptic AP (Figure 4J). In the absence
of postsynaptic AP firing during the induction protocol,
tLTP was not induced (Figures 4K and 4L). This strongly
suggests that in neurons that do not show dendritic cal-
cium transients in response to postsynaptic AP firing,
tLTP will not occur. An increased number of failing den-
drites and spines in themPFC of FMR1-KOmice therefore
most likely results in a strong reduction in tLTP.
Reduced Contribution of L-Type Voltage-Gated
CalciumChannels toCalciumTransients in FMR1-KO
In frontal cortex of FMR1-KOmice, protein levels of L-type
voltage-gated calcium channels were found to be down-
regulated (Chen et al., 2003). In hippocampal neurons,
L-type calcium channels were shown to be involved in
STDP (Bi and Poo, 1998). It is unknown whether reduced
calcium-channel protein levels reflect a reduction of func-
tional channels, which may contribute to suppression
of tLTP in FMR1-KO mice. Therefore, we investigated
whether calcium influx through L-type calcium channels
contributes to the calcium transients in dendrites and
spines, and whether this contribution differs in WT and
FMR1-KO neurons. To test this, we studied the effect of
calcium channel blockers on the reliable dendritic and
spine calcium signals induced by short trains of five APs
at 100 Hz (Figure 4I). After obtaining a baseline of fluores-
cence transients in spines and dendrites, we applied ei-
ther control solution (ACSF) or ACSF containing a calcium
channel blocker (Figure 5A). Cadmium (100 mM), a broad-
spectrum voltage-gated calcium channel blocker (Keja
et al., 1991), strongly reduced the fluorescence transients
in WT dendrites and spines (Figures 5B and 5E). The re-
maining fluorescence transients could result from influx
(+10 ms) interval between single pre- and postsynaptic stimulation
failed to induce LTP (p > 0.3).
(E and F) A 5 ms interval (+5 ms) between single pre- and postsynaptic
stimulation resulted in LTP induction (p < 0.01). (G and H) In FMR1-KO
mice the single (+5 ms) conditioning protocol failed to induce LTP
(p > 0.7). (D), (F), and (H) show the average normalized change in
EPSP slope in each group. Points show the EPSP slope averaged
from all experiments within the group (binned over consecutive 1 min
periods). Error bars represent SEM.
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channels (Keja et al., 1991; Nevian and Sakmann, 2006).
The L-type blocker nifedipine (10 mM) reduced the ampli-
tude of fluorescence transients in dendrites and spines
from WT mice by 25% ± 11 and 23% ± 9%, respectively
(Figures 5B and 5E). In dendrites of FMR1-KOmice, nifed-
Figure 3. tLTD Is Unaffected in PFC of FMR1-KO Mice
(A) Schematic showing postsynaptic-before-presynaptic stimulation
protocol; single APs induced in L2/3 pyramidal cells (Post) were paired,
at different time intervals (Dt), with EPSPs evoked by extracellular L2/3
stimulation (Pre).
(B–D) Changes in synaptic strength in brain slices fromWT and FMR1-
KO mice following the protocol in (A). Error bars show SEM. (B) Mean
change in EPSP slope in each group following an LTD induction proto-
col. Both Dt groups combined: WT, 80% ± 6%, n = 17; FMR1-KO,
78%±4%, n=20. *p < 0.05, **p < 0.01. (C andD) Representative traces
from single experiments in slices from (C) WT and (D) FMR1-KO mice.
The conditioning period is indicated in each figure by a gray bar. Aver-
aged pre- and postconditioning EPSPs are shown above each trace
(scale bar, 5 mV; 200 ms). Mean EPSP slope during consecutive
2 min periods are shown as black circles. Ri shown below each trace.
(E) Summary figure showing spike-timing plasticity curve in FMR1-KO
and WT mice (x axis; positive Dt values indicate use of a tLTP [pre-be-
fore-post] induction protocol, while negative Dt values indicate use of
a tLTD [post-before-pre] induction protocol). Each circle represents an
individual experiment.ipine also reduced the amplitude of the fluorescence tran-
sients (Figures 5B and 5C). In spines of FMR1-KOmice, ni-
fedipine did not significantly reduce the amplitude of the
fluorescence transients (Figures 5D and 5E). This sug-
gests that in PFC, spines of FMR1-KO neurons contain
strongly reduced levels of L-type calcium channels. The
L-type class of calcium channels does contribute to cal-
cium influx in dendrites of FMR1-KO neurons, but not in
spines of FMR1-KO neurons.
We next tested whether release of calcium from internal
stores in dendrites and spines was different in FMR1-KO
neurons.Afterdepletionof internal calciumstoreswith thap-
sigargin (1 mM), the amplitude of fluorescence transients
was not altered in dendrites and spines of both wild-type
and FMR1-KO mice (Figures 5B and 5E). Thus, calcium
release from internal calcium stores most likely does not
contribute to the fluorescence transients we observed.
To test whether the strongly reduced contribution of
functional L-type channels to calcium signaling in FMR1-
KO neurons plays a role in tLTP, we tested whether block-
ing L-type calcium channels with nifedipine would affect
tLTP in WT mice. In the presence of nifedipine (10 mM),
tLTPwas completely suppressed (Figures 5H and 5I), indi-
cating that calcium influx through L-type calcium channels
is crucial for tLTP to occur in PFC neurons.
The involvement of L-type calcium channels in spine
calcium signaling can explain the absence of tLTP in the
presence of nifedipine in WT neurons. As a consequence,
reduced levels of L-type calcium channels in dendritic
spines of FMR1-KOmice will most likely also contribute to
the suppression of tLTP in the PFC neurons of these mice.
Rescue of tLTP Induction in FMR1-KO Mice
with Stronger Postsynaptic Stimulation
Dendritic and spine calcium signaling in response to single
APswas quite unreliable in FMR1-KO neurons (Figure 4G),
and FMR1-KO spines were less sensitive to nifedipine.
However, the reliability of calcium signaling was increased
to nearly 100% with short trains of five APs at 100 Hz
(Figure 4I). To examine whether improving the reliability
of calcium signaling and increasing the amplitude of post-
synaptic calcium transients in FMR1-KO dendrites and
spines could overcome the tLTP deficit in FMR1-KO
mice, we paired single EPSPswith short trains of five post-
synaptic APs (Figure 6A). Frequencies of postsynaptic AP
firing at 25 and 50 Hz did not induce tLTP in WT or FMR1-
KO neurons (Figures S2B–S2H). InWTmice, pairing single
EPSPs with five postsynaptic APs at 100 Hz resulted in
robust tLTP, which was similar to that induced by pairing
EPSPs with single postsynaptic APs (Figures 6B–6D, Fig-
ures S2I–S2K). In FMR1-KOneurons, pairing single EPSPs
with short AP trains at 100 Hz also resulted in strong po-
tentiation of synaptic strength (Figures 6B, 6E, and 6F).
These data show that tLTP can occur in FMR1-KO L2/3
PFC synapses, and suggest that the machinery for tLTP
is in place in FMR1-KO neurons, but requires stronger
neuronal activity for it to be elicited. Increasing the reliabil-
ity of postsynaptic calcium signaling and the amplitude ofNeuron 54, 627–638, May 24, 2007 ª2007 Elsevier Inc. 631
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Unreliable Calcium Signaling in FMR1-KO MiceFigure 4. Impaired Calcium Signaling in
FMR1-KO Dendrites and Spines
(A) PFC L2/3 pyramidal cell filled with 40 mM
Alexa 594 and 300 mM Fluo-4.
(B) Average length of line-scanned spines in
FMR1-KO mice (1.81 ± 0.16 mm, n = 29) com-
pared with WT mice (1.51 ± 0.07 mm, n = 63).
(C) Spine morphology signals of FMR1-KO
mice were dimmer than those of WT mice dur-
ing scanning. au, arbitrary units. *p < 0.05.
(D) High-magnification image of dendrite and
spine with line-scan position indicated (left
panel). Example of dendritic and spine line
scans (middle panel; 1 s duration, green ‘‘cal-
cium’’ transient superposed over red ‘‘morpho-
logical’’ signal) with white arrowhead indicating
time point of AP stimulation. (Right panel) Cor-
responding fluorescence transients for spine
(red) and dendrite (blue) (delta G/R; average
of three traces).
(E and F) Evoked changes in fluorescence in
dendrites (blue) and spines (red) were recorded
following a single AP (1AP), a burst of APs (BU,
illustrated in [H], left panel), a five AP train at
100 Hz (5AP train), or a maximal 1 s 100 Hz
AP train (1sec train). In WT neurons, fluores-
cence transients in response to AP trains from
dendrites and spines were larger compared
with those from FMR1-KO mice (dendrite: p =
0.016; spine: p = 0.011). Only successes were
included in the average amplitude calculations.
(G–I) Distribution of all fluorescence transients
in dendrites and spines was recorded following
a single AP (G), a burst of APs (H), or a 100 Hz
AP train (I). Fluorescence transients in re-
sponse to AP firing were classified as suc-
cesses (labeled ‘‘S’’). Absence of detectable
fluorescence changes in response to AP firing
were classified as failures (labeled ‘‘F’’). (Upper
traces) Examples of successful dendritic fluo-
rescence (delta G/R) transients from WT (dark
blue) and FMR1-KO (light blue) mice are illus-
trated above corresponding traces from adja-
cent spines in WT (dark red) and FMR1-KO
(light red) mice. (Lower traces) Examples of fail-
ures in a WT dendrite and spine (dark blue and
dark red, respectively) and FMR1-KO dendrite
and spine (light blue and light red, respectively).
Arrowhead indicates time of AP stimulation.
(G–I, right panels) Chi-squared distributions re-
vealed significant differences in the number of
successful (S) and failed (F) AP-induced cal-
cium transients in spines and dendrites of WT
and FMR1-KO mice following (G) a single AP
(dendrite: WT, n = 34; FMR1-KO, n = 29; spine:
WT, n = 48; FMR1-KO, n = 34) or (H) a short AP
burst (dendrite: WT, n = 42; FMR1-KO, n = 17;
spine: WT, n = 58; FMR1-KO, n = 24). (I) AP
trains (100 Hz) reliably evoked calcium tran-
sients in dendrites and spines of both WT and
FMR1-KO mice (dendrite: WT, n = 21; FMR1-
KO, n = 17; spine: WT, n = 21; FMR1-KO, n =
17). *p < 0.05 in chi-squared distribution.
(J) Schematic showing the stimulation protocol.
(K) Change in EPSP slope (normalized to the baseline EPSP slope) averaged from all experiments within the group (1min binning). Conditioning period
is indicated by a gray bar.
(L) Mean change in EPSP slope. Presynaptic stimulation without postsynaptic activation failed to induce LTP (98% ± 13%, n = 7).632 Neuron 54, 627–638, May 24, 2007 ª2007 Elsevier Inc.
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Unreliable Calcium Signaling in FMR1-KO MiceFigure 5. Absence of Functional L-Type Calcium Channels in
FMR1-KO Spines Suppresses tLTP
(A) Diagram of experimental protocol used.
(B) In WT dendrites, AP-train-induced (five APs, 100 Hz) fluorescence
transients were significantly reduced in the presence of the L-type cal-
cium channel antagonist nifedipine (10 mM, 75%± 11%, n = 11). Nifed-
ipine similarly reduced fluorescence transients in FMR1-KO dendrites
(87% ± 6%, n = 8). No significant changes were observed in response
to thapsigargin (300 nM; WT: n = 4, FMR1-KO: n = 3). Error bars show
SEM. Gray o indicates individual data points. *p < 0.05.
(C and D) Examples of AP-train-induced calcium transients in den-
drites and spines before (black traces) and after (gray traces) nifedipine
application. Arrow indicates time of AP train stimulation.
(E) Nifedipine significantly reduced the amplitude of calcium transients
in spines from WT mice (77% ± 9%, n = 11), but not FMR1-KO mice
(94%± 9%, n = 8). Thapsigargin did not significantly change the ampli-
tudeof calcium transients in eitherWT (n=4) or FMR1-KOspines (n=3).
(F) Single EPSPs evoked by extracellular L2/3 stimulation (Pre) were
pairedwith singleAPs induced after a 5msdelay in L2/3 pyramidal cells
from WT mice (Post).calcium transients with stronger postsynaptic activity can
trigger tLTP in FMR1-KO mice.
Raising FMR1-KO Mice in Enriched Environments
Restores tLTP
Environmental enrichment of housing conditions provides
enhanced sensory, cognitive, and motor stimulation (Ni-
thianantharajah and Hannan, 2006). In FMR1-KO mice
raised in enriched environments, behavioral and morpho-
logical parameters that are affected in Fragile X syndrome
show substantial recovery compared with those of FMR1-
KO mice raised in standard housing conditions (Restivo
et al., 2005). Since we found that, in FMR1-KO mice, cor-
tical glutamatergic synapses are capable of showing nor-
mal levels of synaptic potentiation when stimulated more
strongly (Figure 6), we asked whether tLTP is more pro-
nounced in FMR1-KO mice raised in enriched environ-
ments. We followed the procedures described by Restivo
et al. (2005) as far as possible, and raised FMR1-KO mice
in enriched housing conditions for at least 2 months (see
Experimental Procedures). tLTP is more difficult to induce
in older animals (Meredith et al., 2003). We therefore
paired single EPSPs with a train of five postsynaptic APs
at 100 Hz (Figure 7A). In WT animals reared in standard
housing conditions, this resulted in an increase of synaptic
strength (Figures 7B–7D). In 2- to 3-month-old FMR1-KO
mice reared in nonenriched conditions, pairing single
EPSPs with a postsynaptic AP train did not result in a last-
ing increase in synaptic strength (n = 13 neurons from
eight mice; Figures 7B, 7E, and 7F). On average, at 20–
30 min after induction, synaptic strength was 110% ±
11%, which was not significantly different from baseline.
In contrast, in FMR1-KO mice reared in enriched condi-
tions, a substantial amount of tLTP remained at 30 min
postinduction (n = 14 neurons from eight mice; Figures
7B, 7G, and 7H). The amount of potentiation was not dif-
ferent from that induced in WT animals that were housed
in standard conditions.
In visual cortex of FMR1-KOmice reared in enriched en-
vironments, GluR1 receptor levels were increased (Res-
tivo et al., 2005). To test whether levels of functional
AMPA receptors were different in PFC of mice reared in
enriched environments, we monitored the ratios of synap-
tic currents through AMPA and NMDA receptors in PFC
(A/N ratios; Figure S3). We did not observe significant dif-
ferences in A/N ratios or NMDA receptor-mediated cur-
rent decay betweenWT nonenriched, FMR1-KO enriched,
and FMR1-KO nonenriched (Figure S3C–S3E). This sug-
gests that the levels of functional AMPA receptors in the
PFCwere not altered by environmental enrichment. Taken
(G) Mean change in EPSP slope in each group (for comparison tLTP in-
duced by [+5ms] stimulation is reproduced from Figure 1B), **p < 0.01.
(H and I) tLTP induction was suppressed by nifedipine (10 mM) (81% ±
9%, n = 8). (H) Example trace; black circles represent the mean EPSP
slope during consecutive 2 min periods. Ri shown below (scale bars,
5 mV; 200 ms). (I) Change in EPSP slope (normalized to baseline) aver-
aged from all experiments within the group (1 min binning). Condition-
ing period is indicated by a gray bar. Error bars show SEM.Neuron 54, 627–638, May 24, 2007 ª2007 Elsevier Inc. 633
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induced in prefrontal cortical neurons in FMR1-KO mice,
and rearing these mice in enriched environments facili-
tates the induction of synaptic potentiation.
DISCUSSION
Fragile X patients and FMR1-KO mice show deficits in
higher cognitive function that point to the involvement of
PFC (Kooy, 2003; Simon et al., 2001; Zhao et al., 2005).
Figure 6. Rescue of tLTP Induction in FMR1-KO Mice by
Increased Postsynaptic Activity
(A) Schematic representation of the conditioning protocol; EPSPswere
evoked by extracellular L2/3 stimulation (Pre) and were paired with
trains of five APs at 100 Hz induced in L2/3 pyramidal cells (Post).
(B) Mean change in EPSP slope in each group. WT: n = 7, FMR1-
KO: n = 9. *p < 0.05, **p < 0.01. (C and D) Pairing the single EPSP
with a postsynaptic AP train reliably induced LTP (141% ± 6%; p <
0.02) in WT mice. (E and F) The postsynaptic five AP train also permit-
ted LTP induction in FMR1-KOmice (135% ± 16%; p < 0.01). (C and E)
Representative traces from single experiments. Averaged pre- and
postconditioning EPSPs are shown above each trace (scale bar,
5 mV; 200 ms). Black circles represent the mean EPSP slope during
consecutive 2 min periods. Ri shown below each trace. Conditioning
period is indicated by a gray bar. Error bars show SEM. (D and F)
Change in average normalized EPSP slope for all experiments (1 min
binning).634 Neuron 54, 627–638, May 24, 2007 ª2007 Elsevier Inc.The present study uncovers synaptic and molecular
mechanisms underlying deficits in STDP in PFC of
FMR1-KO mice. These deficits can be overcome by in-
creased neuronal activity, showing that the plasticity ma-
chinery is functional in these mice. Exposing FMR1-KO
mice to enriched environments (i.e. providing increased
sensory, cognitive, and motor stimulation) restores plas-
ticity of excitatory synapses in PFC.
We find that postsynaptic calcium signaling in FMR1-
KO mice is compromised in two ways: first, dendrites
and spines of FMR1-KO neurons more often fail to show
calcium transients in response to single APs or bursts of
two APs than WT neurons do. Second, in contrast to
spines of WT neurons, L-type voltage-gated calcium
channels do not contribute significantly to calcium tran-
sients in dendritic spines of FMR1-KO neurons. There
are no previous reports that address calcium signaling in
synapses of FMR1-KO mice, but indications exist in liter-
ature that point to an interaction between FMRP and cal-
cium signaling. First, in frontal cortex of FMR1-KO mice,
mRNA and protein levels of L-type voltage-gated calcium
channels are downregulated (Chen et al., 2003). This is in
line with our finding that the contribution of functional L-
type calcium channels to dendritic spine calcium dynam-
ics is strongly reduced. Second, postsynaptic dendritic lo-
calization of FMRP is dependent on both the dynamics of
intracellular calcium and activation of mGluRs (Antar et al.,
2004). Abnormal mGluR signaling has been suggested to
underlie the alterations in hippocampal synaptic plasticity
and network function that occur in Fragile X (Huber et al.,
2002). However, it is unknown whether hippocampal cal-
ciumdynamicsareaffected inFMR1-KOmiceandwhether
they are involved in increased mGluR-mediated LTD.
It is well established that synaptic plasticity critically de-
pends on transient changes in postsynaptic calcium con-
centration (Lisman, 1989; Malenka et al., 1988). STDP also
depends on transient changes in postsynaptic calcium
concentrations (Sjostrom and Nelson, 2002). In pyramidal
neurons of the PFC, tLTP is blocked by the calcium chela-
tor BAPTA (Couey et al., 2007). L-type voltage-gated cal-
cium channels have also been implicated in STDP (Bi and
Poo, 1998; Nevian and Sakmann, 2006). In hippocampal
and somatosensory cortical pyramidal neurons, blockade
of L-type calcium channels strongly reduced the extent of
tLTD. Both calcium signaling deficits described in this
study result in the absence of tLTP when single EPSPs
are paired with single postsynaptic APs in WT neurons
(Figure 4 and Figure 5). Therefore, it is very likely that re-
duced numbers of functional L-type calcium channels in
spines and increased numbers of failing dendrites and
spines in FMR1-KOmice result in the suppression of tLTP.
In pyramidal neurons of other brain areas such as hippo-
campusand sensorimotor cortex, L-type channel blockers
induce similar reductions in calcium transients as in our
experiments (Koester and Sakmann, 2000; Sabatini and
Svoboda, 2000;Schiller et al., 1998). In thesepreparations,
just as in our experiments, the broad-spectrum calcium-
channel blocker cadmium induces amuch larger reduction
Neuron
Unreliable Calcium Signaling in FMR1-KO MiceFigure 7. Environmental Enrichment Restores tLTP Induction
in FMR1-KO Mice
(A) Schematic. EPSPs were evoked by extracellular L2/3 stimulation
(Pre) and were paired with trains of 100 Hz five APs induced in L2/3 py-
ramidal cells (Post). (B) Mean change in EPSP slope in each group
(FMR1-KO NE, FMR1-KO mice raised in standard housing; FMR1-
KO EN, FMR1-KO mice raised in environmentally enriched condi-
tions).*p < 0.05, **p < 0.01. (C and D) tLTPwas reliably induced in slices
from WT mice (131% ± 13%, n = 11; p < 0.01). (E and F) The five AP
postsynaptic train failed to induce tLTP in slices from nonenriched
FMR1-KOmice (110% ± 11%, n = 13; p > 0.7). (G and H) LTP induction
was restored in FMR1-KO mice raised in environmentally enriched
conditions (137% ± 16%, n = 14; p < 0.03). (C, E, and G) Example ex-
periments. Averaged pre- and postconditioning EPSPs are shown
above each trace (scale bar, 5 mV; 200 ms). Black circles represent
the mean EPSP slope during consecutive 2 min periods. Ri is shown
below each trace. (D, F, and H) Change in EPSP slope from all exper-
iments in each of the groups shown in (B). Each point shows the aver-in these transients. Specific antagonists targeting calcium-
channel subtypes reduce the calcium transients by
20%–30%, as in our experiments, with similar amounts of
variation (Koester and Sakmann, 2000). Apparently, it is a
general phenomenon in neocortex and hippocampus that
dendrites and spines express a mixed population of volt-
age-gated calcium channels. Our experiments in Figures
5Hand5I show that calcium influx throughL-typechannels
provide a necessary contribution for the induction of tLTP
in PFC pyramidal neurons. Moreover, our findings are in
line with the findings by Chen et al. (2003) that show that
L-type calcium-channel protein levels are downregulated
in frontal cortex of FMR1-KO mice.
In this study we find that the suppression of tLTP can be
overcome by increasing postsynaptic activity during pair-
ing with single EPSPs. This shows that the machinery for
synaptic potentiation is in place, but requires more neuro-
nal activity to be triggered. STDP critically depends on the
temporal order and timing of neuronal activity, and is be-
lieved to more closely resemble synaptic plasticity occur-
ring in response to naturally occurring spike trains (Mark-
ram et al., 1997; Sjostrom and Nelson, 2002) than
classical plasticity induction paradigms. Using more clas-
sical protocols to induce LTP, such as tetanization and
long-lasting postsynaptic depolarization, previous studies
have also reported the absence of LTP in other neocortical
areas inFMR1-KOmice (Li et al., 2002;Zhaoet al., 2005). In
recordings of evoked field potentials from somatosensory
cortex, and using three tetanic trains of extracellular stimuli
at 200 Hz for 1 s, a strong reduction of LTP was found in
FMR1-KO mice (Li et al., 2002). One could raise the ques-
tion why classical high-frequency stimulation protocols,
such as used by Li and coworkers (Li et al., 2002), could
not overcome the threshold for synaptic potentiation.
STDP protocols and extracellular tetanization protocols
strongly differ on crucial points. In recordings of field
EPSPs the response of many neurons is summated,
whereas in STDP synaptic responses are recorded from
a single neuron. With extracellular tetanization, presynap-
tic pathways are strongly stimulated with high frequencies
up to 200 Hz for 1 s at a time, three times in a row, without
a reading of the firing activity of postsynaptic neurons. We
paired single EPSPs with a short train of five postsynaptic
APsonly in the neuron thatwas recorded from.At this point
it is purely speculative to pinpoint exactly how these induc-
tion protocols differ at the cellular level, but most likely the
precise timing of presynaptic and postsynaptic activity
within a 5 ms time window results in more effective induc-
tion of synaptic plasticity. As a result, by increasing specif-
ically postsynaptic activity, the amplitude of postsynaptic
calcium transients is increased, which is sufficient to trig-
ger synaptic potentiation in FMR1-KO neurons.
The finding that synaptic potentiation can be induced in
neocortex of FMR1-KO mice by increasing the reliability
and amplitude of calcium transients shows that the
age normalized EPSP slope (1 min binning). Conditioning period is
indicated by a gray bar. Error bars show SEM.Neuron 54, 627–638, May 24, 2007 ª2007 Elsevier Inc. 635
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the plasticity mechanism, but rather points to problems
with calcium signaling, in FMR1-KO neurons. This is in
line with findings that machinery for synaptic depression
is also in place in several cortical areas. In hippocampus,
chemically induced LTD is enhanced in FMR1-KO mice
(Huber et al., 2002). In cerebellar Purkinje cells, parallel fi-
ber LTD is also enhanced (Koekkoek et al., 2005). In PFC,
as in visual cortex, tLTD is unaffected (Desai et al. 2006).
Taken together, these findings show that in FMR1-KO
mice, synaptic plasticity mechanisms are in place, but
the readiness with which they are triggered is different
than in WT mice. While some forms of LTD seem to be
more pronounced, the induction of neocortical LTP re-
quires extra neuronal activity.
An increased threshold for long-term increase of synap-
tic efficacy in FMR1-KO brain agrees well with anecdotal
reports that Fragile X patients do learn and can memorize
information, but need more repetitions and stimulation to
achieve this. If synaptic plasticity is not absent in neocor-
tex of the Fragile X brain, but has a higher threshold for in-
duction, how can it be induced? It was recently reported
that rearing FMR1-KO mice in enriched environments
largely rescued behavioral and neuronal abnormalities as-
sociated with Fragile X and resulted in increased GluR1
levels in visual cortex (Restivo et al., 2005). This suggests
that synaptic plasticity was increased. Enriched environ-
ments are known to facilitate synaptic plasticity and aug-
ment many aspects of neuronal activity (van Praag et al.,
2000). Our findings show that the threshold for synaptic
plasticity is increased in FMR1-KO mice, most likely due
to problems with calcium signaling, and elevated neuronal
activity can overcome this threshold. Rearing FMR1-KO
mice in enriched environments increased neuronal activity
sufficiently to overcome the elevated threshold for synap-
tic plasticity at glutamatergic synapses. We did not find
evidence of elevated amounts of functional AMPA recep-
tor levels, but tLTP was restored in adult FMR1-KO mice.
In visual cortex, Restivo et al. (2005) found elevated levels
of GluR1 protein in FMR1-KO mice reared in enriched
environments. However, we measured synaptic AMPA/
NMDA (A/N) current levels in PFC (Figure S3), whereas
Restivo et al. analyzed total GluR1 protein levels in visual
cortex, which may explain the differences in results. In ad-
dition, we did not find differences in A/N ratios between
WT mice and FMR1-KO mice. In hippocampus, FMR1-
KOmice show increased levels of AMPA receptor internal-
ization in response tomGluR stimulation (Bear et al., 2004;
Huber et al., 2002). In PFC of adult FMR1-KOmice, we did
not find evidence for reduced levels of synaptic A/N cur-
rent ratios (Figure S3).
In conclusion, increased sensory, cognitive, and motor
stimulation by environmental enrichment facilitates the de-
velopment of synaptic plasticity in cortical areas involved
in higher cognitive function. The results of this study dem-
onstrate that in PFC of FMR1-KO mice, excitatory synap-
ses can show lasting increases in synaptic strength, but
this requires increased neuronal activity to occur.636 Neuron 54, 627–638, May 24, 2007 ª2007 Elsevier Inc.EXPERIMENTAL PROCEDURES
Environmental Enrichment Rearing Conditions
Following weaning at 3–4 weeks of age, C57BL/6 WT (n = 16) and
C57BL/6 FMR1-KO (n = 15) mice were randomly assigned to either en-
riched or standard housing conditions. Male and female mice were
grouped according to sex in small groups of two to five animals.
Mice were kept in these conditions until their sacrifice between 8–
12.5 weeks of age.
Both enriched environment and standard nonenriched cages mea-
sured 38(l) 3 22(b) 24(h) cm. Nonenriched cages contained sawdust
bedding and nestingmaterial. Enriched cageswere filledwith ‘‘Sizzlen-
est’’ nesting material (Datesand, UK), sawdust bedding, an assortment
of cardboard housing, tubes, plastic building Lego blocks, plastic balls,
and, in later stages, running wheels. Bedding was changed weekly
along with the variety of cage toys. Under both conditions, mice had
ad libitum access to food and water. Cages were placed at approxi-
mately 21Con a 12 hr light/dark cycle, with enrichment training usually
occurring at the endof thedark cycle. Three timesperweek,mice in the
enriched groups were placed in large ‘‘play cages,’’ measuring 60(l)3
35(b) 3 24(h) cm for approximately 2–3 hr per session. These cages
also contained runningwheels, tunnels, different textured beddingma-
terial, wooden and plastic blocks, and cardboard housing with access
to food and water. For synaptic plasticity experiments, animals were
coded and experiments were carried out blind to the environmental
rearing conditions of the animal until post-LTP analysis.
Slice Preparation
Prefrontal coronal cortical slices (300 mm) were prepared from P14–23
(Figure 1, Figure 2, Figure 3, Figure 4, Figure 5, and Figure 6) or P53–
P100 (Figure 7) WT C57BL/6 or FMR1-KO mice (Bakker et al., 1994;
bred on a C57BL/6 background) following decapitation, in accordance
with Dutch license procedures. Brain slices were prepared in ice-cold
artificial cerebrospinal fluid (ACSF), which contained the following:
125 mM NaCl; 3 mM KCl; 1.25 mM NaH2PO4; 3 mM MgSO4; 1 mM
CaCl2; 26 mM NaHCO3; and 10 mM glucose (300 mOsm). Slices
were then transferred to holding chambers in which they were stored
in ACSF, which contained the following: 125 mM NaCl; 3 mM KCl;
1.25 mM NaH2PO4; 1 mM MgSO4; 2 mM CaCl2; 26 mM NaHCO3;
and 10 mM glucose (bubbled with carbogen gas; 95% O2, 5% CO2).
Electrophysiology
Pyramidal cells located in L2/3 of the mPFC, visualized using infrared
differential interference contrast microscopy, were selected on the ba-
sis of their morphology and firing pattern. All experiments were per-
formed at 32C–34C. Basic pyramidal cell passive and active proper-
ties were assessed by initial hyperpolarization, followed by stepped
depolarization (15 pA step intervals, 800 ms). Recordings made using
EPC8 amplifiers (HEKA Elektronik, Lambrecht, Germany) and sampled
at intervals of 50 or 100 ms were digitized using an ITC-18 interface (In-
strutech, Port Washington, NY) and analyzed off-line (Igor Wavemet-
rics, Lake Oswego, OR). Patch pipettes (3–5 MU) were pulled from
standard-wall borosilicate tubing and were filled with intracellular solu-
tion containing the following: 140mMpotassium gluconate; 1mMKCl;
10 mMHEPES; 4mMK2phosphocreatine; 4 mMATP-Mg; and 0.4 mM
GTP (pH 7.2–7.3, pH adjusted to 7.3 with KOH; 290–300 mOsm). Se-
ries resistance was not compensated.
Spike-Timing-Dependent Plasticity
EPSPs were evoked each 10 s using an extracellular stimulation elec-
trode positioned in L2/3 (Figure 2A) at a distance of 100 mm lateral to
the recorded pyramidal cell. The initial slope of the EPSP was mea-
sured to ensure that data reflected monosynaptic input in each exper-
iment. In LTP induction experiments, chloride concentration in the in-
tracellular solution was adjusted so that the calculated chloride
reversal potential was close to the resting membrane potential.
Changes in synaptic gain were measured as the change in EPSP slope
Neuron
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EPSP slope. During the induction protocol spike-timings were
measured from the onset of the evoked EPSP to the peak of the post-
synaptic AP. Mean baseline EPSP slopes were averaged from at least
50 sweeps. Experiments in which the baseline was unstable were
rejected. During the conditioning period pre- and postsynaptic stimu-
lus pairing was repeated 40 times, with a 7 s interval between each
pairing. Pairing of the pre- and postsynaptic stimulation was essential
for LTP induction in WT mice, as presynaptic (98% ± 13%, n = 7) or
postsynaptic (110% ± 14%, n = 6) stimulation alone was insufficient
to induce LTP. Series resistance after break-in was always less than
20 MU (n = 195). Any subtle changes in series resistance during the
conditioning protocol were first detected as a change in the evoked
AP waveform. During baseline and following pairing, series resistance
was checked regularly in voltage-clamp mode. During experiments
cell input resistance was monitored throughout the experiments
(except during the conditioning period) by applying a 10 pA, 500 ms
hyperpolarizing pulse at the end of each sweep. Experiments were
not included in the analysis if the series resistance changed by more
than 30%, if the cell input resistance varied by more than ±30%, or if
it depolarized by more than 5 mV during the experiment. The Wilcox-
on’s signed rank test and the Mann-Whitney U test were used to
assess significance. Data are given as mean ± SEM, with p < 0.05
indicating significance.
Two-Photon Imaging
Pipettes were tip-filled with intracellular medium and back-filled with
intracellular solution containing Alexa 594 (40 mM) to reveal neuronal
morphology and the calcium-indicator Fluo-4 (200 or 300 mMMolecu-
lar Probes). Initial access resistance was less than 20 MU. Following
break-through, cells were filled andmonitored for aminimum of 15min
to allow diffusion and equilibration of the dye intracellularly before
fluorescence measurements were taken. Responses were measured
to individual APs, two to three APs (‘‘burst’’) during a 20 ms period of
current injection, or a 100 Hz train of APs. Somatic APs were observed
during all line scans analyzed in this data set.
For spine morphology analysis, cells were bolus-loaded with Alexa
594 (0.5 mM) for 2 min and the dye was allowed to diffuse for a further
10min. Z-stacks of 2D imageswere taken in 1 mm intervals of dendrites
(30–40 mm sections) at randomly selected, predominantly secondary
distal, oblique, and basal regions from each cell. Images were ana-
lyzed using Image J software (NIH), with all laterally projecting spiny
protrusions, irrespective of the presence of a spine head, being mea-
sured. Experiments were analyzed blind and statistical significance
was evaluated using two-tailed Student’s t tests, analysis of variance
(ANOVA), and a Kolmogorov-Smironov two-sample test.
A Leica RS2 two-photon laser scanning microscope with a 633 ob-
jective was used with the Ti:Sapphire laser tuned to a wavelength of
840 nM for excitation. Line-scan imaging of spines and dendrites
was carried out at a high temporal resolution of 2 ms/line, with an av-
erage of 16 scans per line. Line-scan imaging and electrophysiological
recordings were synchronized and all image acquisitionwas controlled
by custom-written softwaremacros based on Leica confocal software.
Fluorescence was measured at dendritic and spine regions of interest
(ROI) at basal, apical, oblique, and distal dendritic regions. Typically,
only one dendritic region was scanned per whole-cell recording. Fluo-
rescence was measured from dendrites and spines over line scans of
up to 1 s duration (Ft, Fluo-4 channel), with basal fluorescence mea-
surements (Fo, Fluo-4 channel) made during a period of approximately
85 ms before stimulation. Relative fluorescence changes were calcu-
lated as follows: DG/R = (FtFo)/(RoRb), where Ro is the baseline
signal measured with Alexa 594 and Rb is the background signal out-
side of an indicator-filled ROI measured in this channel. This latter cal-
culation measured the change in fluorescence but is insensitive to vol-
ume of the structure being scanned and accounts for any differences in
baseline intensity between dendrite and spine being scanned simul-
taneously (Sabatini et al., 2002). Peak amplitude of fluorescencechanges was measured. Fluorescence traces for single APs and
bursts of APs are averages of two to five traces.
Calcium transients in both dendrites and spines were classified as
either successes or failures on the basis of signal-to-noise ratio, calcu-
lated by comparing rootmean square of baselineG/Rfluorescence sig-
nal prior to stimulation with DG/R of peak signal in the first 100ms after
stimulation. A signal-to-noise ratio of <4 was assigned as a failure (F)
with anything above this classified as a success (S). (Figures 4G and
4I). Off-line data analysis was carried out using custom-made proce-
dures in Igor Pro software. Differences between groups were tested
using ANOVA and t tests (paired or two-tailed independent samples)
in SPSS statistical software with p < 0.05 indicating significance.
Supplemental Data
The Supplemental Data for this article can be found online at http://
www.neuron.org/cgi/content/full/54/4/627/DC1/.
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